In this paper, we construct a high power monolithic fiber laser oscillator based on a commercial ytterbium-doped fiber with core/inner cladding diameter of 25/400 µm. The output performances of the fiber oscillator are experimentally investigated in the conditions of either with or without an external feedback. In the presence of external feedback, a very strong stimulated Raman scattering (SRS) (∼9 dB below the signal light) emerges at the output power of ∼3.56 kW, where the onset of the transverse mode instability (TMI) limits further power scaling. By large angle cleaving the signal arm of the forward combiner to avoid external feedback, the maximum output power of 5.07 kW is achieved with no sign of TMI. The Raman stokes light is ∼35 dB below the signal light and the M 2 factor is measured to be ∼1.6. To directly characterize its power stability and engineering capability, the fiber oscillator is tested for continuous 5-h operation at ∼5.07 kW with power fluctuation less than 0.42%. During the test process, the output power, spectrum, beam quality, and temporal signal perform excellent stability. The experimental results reveal that thresholds of SRS and TMI strongly depend on the external feedback in high power fiber oscillators.
Introduction
High power fiber lasers are urgently needed in industrial manufacture, beam combination, and many other application areas due to their advantages of high conversion efficiency, excellent beam quality, easy thermal management and reliable stability [1] , [2] . In the last decade, the average output power of fiber lasers have experienced a rapidly boost owing to dramatic advances in large mode area (LMA) double-clad fiber fabrication technology and development of key components including highbrightness laser diode (LD) [3] - [7] . Generally, there are two structures that can achieve high power fiber lasers, one is master oscillator power amplifier (MOPA) and the other is directly based on a single-stage monolithic fiber laser oscillator. Compared with the MOPA structure, the fiber oscillator consisting of a resonant cavity enjoys the advantages of compact structure, fewer components and superior reliability. With the improvements of LMA fiber Bragg grating (FBG) manufacturing technique, the output power of fiber oscillators has scaled remarkably over the past few years [8] - [15] . In 2012, Xiao et al. reported a monolithic fiber laser oscillator with an output power of 1 kW, which was based on ytterbium-doped fiber (YDF) with core/inner cladding diameters of 20/400 µm and pumped by 915 nm LDs [8] . In 2016, the researches in Fujikura Inc. reported a 2 kW single-mode monolithic fiber laser oscillator with a specially designed LMA ytterbium-doped fiber [10] . Then, Fujikura Inc. has successively realized 3 kW and 5 kW near diffraction limited monolithic fiber laser oscillators based on the specially designed YDF [13] , [14] . Recently, the output power of the fiber oscillator was up to more than 10 kW with multimode operation based on a ytterbium-doped extra-large mode area fiber in a bulk-optic resonator setup [15] .
Although these fiber lasers have achieved very high power through specially designed LMA ytterbium-doped fiber, the maximum output power based on a commercial few-mode fiber was only 5 kW-level, limited by the stimulated Raman scattering (SRS) and transverse mode instability (TMI) [16] , [17] . In [14] , the authors demonstrated a 5 kW single mode all-fiber laser oscillator, but the gain fiber was specially designed and didn't give any detail about the mitigation of SRS and TMI. In 2018, researchers in Jena reported on a single mode 5 kW fiber laser oscillator based on a commercial YDF with core/inner cladding diameters of 20/400 µm [17] . However, the power scaling of the fiber oscillator was limited by the nonlinear effect of SRS and the power stability of the laser was not investigated in this work. Therefore, it is essential to investigate the mitigation of SRS and TMI in the conventional commercial ytterbium-doped fiber laser. In addition, for better characterizing the power stability of the high power fiber oscillator and its real industrial application, long-term test of the laser stabilized at multi-kW level is highly desirable and rarely reported to date.
In this manuscript, we have demonstrated a high power monolithic fiber laser oscillator based on a commercial YDF with the core/cladding diameter of 25/400 µm. The detailed output performances of the laser oscillator in the presence or in the absence of the external feedback are experimentally investigated. It is found that the external feedback has a significant impact on the SRS effect, which may induce the onset of TMI in the fiber oscillator. By large angle cleaving the signal arm of the forward combiner to reduce external feedback, the maximum output power is scaled to ∼5.07 kW at the central wavelength of ∼1080 nm without any sign of TMI effect. The Raman stokes light is ∼35 dB below the signal light at the maximum output power and the beam quality (M 2 ) is measured to be 1.62. Finally, a continuous long-term operation (5-hour) is conducted at full power level and the power fluctuation is less than 0.42%.
Experimental Setup
The architecture of the monolithic fiber laser oscillator is illustrated in Fig. 1 . The fiber oscillator is pumped by 915 nm LDs in a bi-directional pumping configuration. Each LD module provides a maximum pump power of ∼900 W. The resonator cavity comprises a piece of LMA double-cladding YDF and a pair of FBGs with core/inner cladding diameter of 25/400 µm. The reflectivity of the high-reflection (HR) FBG and the output-coupler (OC) FBG at a center wavelength of ∼1080 nm is 99.9% and 11.8%, respectively. The 3-dB reflection bandwidths of the HR-FBG and the OC-FBG are respective ∼2 nm and ∼1 nm. Two tapered fused bundle (TFB) combiners are placed outside the cavity and couple the pumping light into the gain fiber through the FBGs. A (6 + 1) × 1 TFB combiner is employed as the forward combiner and the other TFB combiner is used as the backward combiner. All the pump ports of the forward and backward combiner are connected to LD modules which have pigtailed fiber with core/cladding diameter of 220/242 µm. The occupied pump ports have an average combining efficiency of ∼98%. The gain fiber is a commercial LMA doublecladding ytterbium-doped fiber with 25 µm/0.065 NA core and 400 µm/0.46 NA inner cladding. The absorption coefficient of the 25/400 YDF at 915 nm is ∼0.64 dB/m, and the YDF length is set to be ∼30 m to ensure adequate absorption of pump powers. The gain fiber is coiled in circles with diameters of 12∼15 cm and placed on the heat sink. After the backward combiner, a ∼3 m passive fiber with core/inner cladding diameter of 25/400 µm is matched with the signal port of the combiner, and the cladding light strippers (CLS) on the passive fiber is utilized to fully dump residual pumping as well as signal light propagating in the cladding. Finally, a commercial endcap with ∼5 m matched passive fiber is employed to deliver the output signal power and avoid harmful facet reflection or damage.
The fiber laser properties, such as output power, optical spectrum, temporal signal and beam quality are characterized during the experiments. The temporal characteristic of the output laser is measured by using a photodetector with a bandwidth of 150 MHz. The beam quality is measured with a laser quality monitor. Components of the fiber laser system, including YDF, LDs, TFB combiners, FBGs and CLSs, are put on a water cooling heat sink to realize efficient heat management and ensure the stability in high power operation.
Experimental Results and Discussion
In the experiment, the external feedback is introduced to the laser by varying the end-face angle of the signal arm of the forward combiner. When the signal arm of the forward combiner is cleaved with a flat angle (0°), a ∼4% feedback of the backward propagating signal is generated because of the Fresnel reflection. But the external feedback can be eliminated by a large angle cleaving (>8°).
Laser performance With External Feedback
Firstly, the output performances of the fiber oscillator with an external feedback are thoroughly investigated experimentally. The dependence of the output power and corresponding optical-tooptical efficiency on the pump power are shown in Fig. 2(a) . With the increment of the pump power, the output power almost linearly increases with a slope efficiency of ∼63% until the output power reaches ∼3.5 kW. As further increase in the pump power, the optical-to-optical efficiency decreases a little, which indicates some signal power lost in the output port. The optical spectra of the laser dependence on the output powers are measured and depicted in Fig. 2(b) . The inset is a partial enlargement of the spectrum. It is shown that a very strong Raman light emerges at the output power of ∼3.56 kW and Raman light is only ∼9 dB below the signal light. The Raman power fraction at ∼3.56 kW is 7.87% by integrating the power ranging from 1120 nm to 1145 nm, which corresponds to ∼280 W Raman power in the output power.
In the meantime, the temporal signals and beam quality at different output powers are measured and recorded during the experimental process. The time domain traces at the output power of 3.53 kW, 3.56 kW and 3.58 kW are plotted in Fig. 3(a) . As is shown, at the output power of 3.53 kW, the time domain signal is quite stable and there is no special coupling frequency existed on the corresponding Fourier spectra. When the output power reaches 3.56 kW, periodic fluctuation of the temporal signal is observed, and a special frequency component at ∼2.5 kHz appears in the Fourier spectra. According to the previous works on the TMI in the fiber oscillators [9] , [12] , the special coupling frequency may relate to the start-up of TMI, because the coupled high-order modes (HOMs) leak into the fiber inner cladding and get stripped out by the CLS. Further increasing the output power to 3.58 kW, the fluctuation grows more intense in the time domain and the coupling frequencies are more apparent. The beam quality of the output laser is also measured and shown in Fig. 3(c) . It is found that the M 2 factor experiences a sharp increase at output power of ∼3.56 kW, which is a direct sign of the onset of TMI. Judging from the evidences of the characteristic coupling frequency on the frequency domain and the degradation of beam quality, the occurrence of the TMI in this fiber oscillator is verified and the TMI threshold in our experimental case is ∼3.56 kW.
The TMI emerges in this fiber oscillator may relate to the strong SRS effect, which is similar to the previous research in the fiber amplifier [18] , [19] . As revealed in [19] , with the increasing the intensity ratio of the Raman stokes light, the quantum defect between the signal light and the Raman light results in a thermally-induced refractive index grating, which may lead to the onset of TMI. The TMI induced by SRS has a direct effect on the stronger distortion of the beam profile, which is consistent with our experimental phenomenon.
Laser performance Without external feedback
In order to study the output performance of the fiber oscillator without the external feedback, the signal arm of the forward combiner is cleaved with a large angle. Keeping the experimental structure and optical devices unchanged, the laser performances of the fiber oscillator without the external feedback are carefully investigated.
In this case, the output power of the fiber oscillator increases with a slope efficiency of ∼60.7%, as shown in Fig. 4(a) . The maximum output power of the fiber oscillator is scaled to 5.07 kW with a optical-to-optical efficiency of ∼60% when the forward and backward pump power are ∼4.15 kW and ∼4.25 kW, respectively. The relatively low efficiency is mainly due to the small coiling diameter of the active fiber, which resulted in power leakage of some HOMs and filtered out by the CLS. The optical spectra at different output powers are shown in Fig. 4(b) . It is clear that there are no sharp Raman components on the output spectrum, indicating that the external feedback has a significant influence on the SRS effect compared with the previous experiment. At the maximum output power, the intensity of the Raman light is ∼35 dB below the signal laser, which exhibits that the SRS effect has been well suppressed though the laser reaches to a high-power level. Note that there are also two side spectral components observed at ∼1060 nm and ∼1100 nm, which are derived from four-wave mixing (FWM) between the fundamental mode (LP 01 mode) and the secondary mode (LP 11 mode) [14] . The time domain signals and corresponding Fourier spectra at different output powers are measured and illustrated in Fig. 5 . It could be seen that both the temporal signal and its Fourier frequency spectrum are all clean at the output power of 3.36 kW, 3.99 kW and 5.07 kW, which indicates a successful TMI mitigation in our fiber oscillator.
Discussion
Compared the above two experiments, one can conclude that the external feedback in the cavity has a significant influence on the output performances of the fiber oscillator. The spectrum comparison of the fiber oscillator either with or without the external feedback are shown in Fig. 6(a) . It is clear that the Raman intensity of the fiber oscillator without an external feedback is decreased obviously at the similar output power level. This is mainly due to that the end-face of the flattened angle will bring about 4% of the reflection for all wavelength, causing the stokes light return to the laser cavity after being reflected by the end-face, so that the Raman stokes intensity increased in the laser cavity [20] , [21], especially in the oscillator structure of multiple round-trip propagation. The backward powers dependence on the pump power in both experiments are compared and plotted in Fig. 6(b) . We can see that the backward power in the fiber oscillator with external feedback is remarkably higher than that of the oscillator without external feedback, which indicates that a strong SRS effect in the fiber oscillator with the 4% facet reflection. According to the recent understanding of the relationship between the TMI and SRS effect in the fiber amplifier [18] , [19] , [22] , the TMI will be triggered by the stronger Raman power inducing by the quantum defect from Raman power conversion. In the present of the external feedback, the SRS effect is stronger, and the Raman power is above 280 W near the TMI threshold. So the SRS-induced mode instability has been triggered, and it comes very naturally that the TMI threshold decreases as the SRS effect strengthens and can be increased by suppressing the SRS.
At last, for directly characterizing the power stability and engineering capability of the 5 kW monolithic fiber laser oscillator, a continuous 5-hour test at ∼5.07 kW laser power is conducted. The output power and the spectrum are recorded during the test and presented in Fig. 7 . As shown in Fig. 7(a) , the output power shows an excellent power stability with the power fluctuation less than 0.42% and no evidence of photo-darkening is observed. The spectrum is also quite stable during the test and the Raman intensity is ∼35 dB below the signal laser, as shown in Fig. 7(b) . The beam quality of the output laser is measured with a laser quality monitor. At the maximum output power, the acquired result of the beam quality is 1.62 and the beam profile at the waist is shown in Fig. 8 . These results show that this 5 kW fiber oscillator has excellent power stability and reliable engineering potentiality. 
Conclusion
In summary, we have demonstrated a 5 kW monolithic fiber laser oscillator based on a commercial 25/400 µm YDF. In the experiment, we reveal that the external feedback has a significant influence on the SRS effect in the fiber oscillator. In the presence of the external feedback, it is found that a strong SRS effect emerges at the output power of ∼3.56 kW, which lead to the onset of TMI in the fiber oscillator. By large angle cleaving the signal arm of the forward combiner to reduce external feedback, the maximum output power is scaled to ∼5.07 kW at the central wavelength of ∼1080 nm without any sign of TMI effect. At the maximum output power, the Raman stokes light is ∼35 dB below the signal light and the beam quality (M 2 ) is measured to be 1.62. Finally, a continuous 5-hour test at ∼5.07 kW laser power is conducted to characterize its power stability and engineering capability. During the test process, the power fluctuation is less than 0.42% and without any evidence of photo-darkening. The experimental results indicate that thresholds of SRS and TMI strongly depend on the external feedback in high power fiber oscillators and elimination of the external feedback is necessary in laser cavity for a high power stable operation.
